Abstract Advanced age is characterized by increased incidence of many chronic, noninfectious diseases that impair the quality of living of the elderly and pose a major burden on the healthcare systems of developed countries. These diseases are characterized by impaired or altered function at the tissue and cellular level, which is a hallmark of the aging process. Age-related impairments are likely due to loss of homeostasis at the cellular level, which leads to the accumulation of dysfunctional organelles and damaged macromolecules, such as proteins, lipids, and nucleic acids. Intriguingly, aging and age-related diseases can be delayed by modulating nutrient signaling pathways converging on the target of rapamycin (TOR) kinase, either by genetic or dietary intervention. TOR signaling influences aging through several potential mechanisms, such as autophagy, a degradation pathway that clears the dysfunctional organelles and damaged macromolecules that accumulate with aging. Autophagy substrates are targeted for degradation by associating with p62/SQSTM1, a multidomain protein that interacts with the autophagy machinery. p62/SQSTM1 is involved in several cellular processes, and its loss has been linked to accelerated aging and to age-related pathologies. In this review, we describe p62/SQSTM1, its role in autophagy and in signaling pathways, and its emerging role in aging and age-associated pathologies. Finally, we propose p62/ SQSTM1 as a novel target for aging studies and ageextending interventions.
These age-related changes are often the consequence of loss to homeostasis at the cellular level; a process common to many species across the evolutionary spectrum. For example, the yeast Saccharomyces cerevisiae accumulates extrachromosomal ribosomal DNA circles (ECR) and depolarized mitochondria with age (Sinclair and Guarente 1997; Hughes and Gottschling 2012) , while old Caenorhabditis elegans nematodes accumulate lipofuscin (Klass 1977) , an insoluble aggregate of oxidized proteins and lipids (Toth 1968; Porta 1991) , in their intestinal cells. In higher eukaryotes, damaged organelles and proteins accumulate in long-lived postmitotic tissues, such as skeletal muscles, heart, liver, and brain (Schmucker 2005; Chaudhary et al. 2011; Szweda et al. 2003) . Cells in these aging organs contain increased levels of damaged and dysfunctional cellular components with age: for example, neurons, astrocytes, microglia, hepatocytes, and cardiomyocytes accumulate lipofuscin deposits and other protein aggregates (Landfield et al. 1981; Salminen et al. 2011; Vaughan and Peters 1974; Frenzel and Feimann 1984; Schmucker and Sachs 2002) ; rhabdomyocytes accumulate mitochondria with oxidized bases in their DNA, reduced activity, and increased production of reactive oxygen species (Mansouri et al. 2006) ; and cardiac myocytes accumulate impaired mitochondria with increased fragmentation of mitochondrial DNA (Frenzel and Feimann 1984; Ozawa 1998) .
Together, this evidence suggests that accumulating protein aggregates, dysfunctional mitochondria, and DNA damage contribute to the aging process and the onset of age-related conditions. Continuous, irreparable damage to DNA, proteins, and organelles can be caused by oxidants, radiations, and other insults through free radical reactions (Harman 2003) , progressively impairing cellular homeostasis. Living organisms are well equipped with detoxifying, antioxidant, and repair enzymes to cope with this kind of damage (RobidaStubbs et al. 2012; Longo 1999; Steinbaugh et al. 2012; Leiser and Miller 2010; Salmon et al. 2005; Wei et al. 2008) : this suggests that raising the cellular defenses against stressors would mimic the effects of ageextending interventions. In addition to stress resistance, cellular homeostasis is also influenced by quality control mechanisms that regulate function, structure, and degradation of cellular components, such as the proteinfolding machinery, mitochondrial fission and fusion dynamics, the ubiquitin-proteasome system, and autophagy (Koga et al. 2011; Seo et al. 2010 ).
Autophagy in particular can degrade damaged proteins, protein aggregates, and damaged organelles that accumulate during aging and in age-related pathologies (Mizushima et al. 2008) and is elicited by ageextending interventions and in long-lived mutants (Hansen et al. 2008; Tóth et al. 2008; Wang and Miller 2012; Alvers et al. 2009 ).
Three mechanisms of autophagy have been described: macroautophagy, microautophagy, and chaperone-mediated autophagy (Cuervo 2008) . Chaperone-mediated autophagy is a selective degradation pathway that recognizes soluble cytosolic proteins and translocates them directly into the lysosome for degradation (Kaushik and Cuervo 2008) . Conversely, micro-and macroautophagy can degrade cellular components indiscriminately without well-defined targeting systems, even though selective mechanisms of macroautophagy have been described (Johansen and L a m a r k 2 011; N e zi s a nd S t e nm ar k 20 12 ). Microautophagy is the direct invagination of the lysosomal membrane in order to bring organelles and fractions of the cytosol into the lysosome for degradation. Microautophagy is under control of the target of rapamycin (TOR) pathway and has been most fully defined in yeast (Li et al. 2012) . Conversely, macroautophagy (hereafter referred to as autophagy) is the main autophagic pathway in higher eukaryotes, and is involved both in bulk and selective substrate degradation (He and Klionsky 2009) . Macroautophagy substrates are enveloped into a double membrane vesicle, called autophagosomes, which then fuses with the lysosome and releases the substrates for degradation. Autophagosomes form upon activation of the Atg1/ULK1-2 complex, formed by ULK1 or ULK2 (Atg1 in yeast), Atg13, and FIP200 (Atg17 in yeast) (Cheong et al. 2008; Jung et al. 2009 ). This complex recruits the protein complexes required to nucleate the autophagosomes into a structure known as phagophore assembly site (PAS). The class-III PI3K, also known as vacuolar protein sorting 34 (Vps34), Atg14, and Beclin 1 (Atg6 in yeast) form another complex that is also required for this process (Itakura et al. 2008) . The Vps34 and the Atg1 complexes recruit proteins involved in two ubiquitin-like conjugation systems that elongate and shape the autophagosome membrane around the substrate: the E1-like protein Atg7 catalyzes the covalent linkage of Atg12 to the E2-like Atg10, which then transfers Atg12 to Atg5, forming the Atg5-12 complex (Geng and Klionsky 2008) . The Atg5-12 complex then associates with Atg16 and is recruited to the phagophore (Mizushima et al. 2003) . Similarly, Atg7 catalyzes the covalent linkage of LC3B (Atg8 in yeast) to Atg3, and Atg3 mediates the conjugation of LC3B to phosphatidyl-ethanolamine (PE). This linkage allows LC3-PE (or LC3-II) to associate with the membrane of the nascent autophagosome and regulate its size and shape (Xie et al. 2008) . Once the autophagosome has formed around its substrate, it is delivered to the lysosome, where the cargo is degraded and its components recycled (He and Klionsky 2009) .
Autophagy is under direct control of the TOR pathway: TOR complex 1 (TORC1) phosphorylates Atg1/ULK1-2 and inhibits the formation of the Atg1 complex, which is the initial step of the pathway. More specifically, autophagy is directly regulated by the nutrient and energy status of the cell and by genes involved in lifespan extension: insulin/IGF-1 and amino acids signaling activate TORC1 and repress autophagy, while the energy sensor AMP-dependent protein kinase (AMPK) can directly activate the Atg1 complex, bypassing TORC1 activity (Jung et al. 2009; Kim et al. 2011) , and the FoxO transcription factor regulates the expression of several autophagy genes in skeletal muscle (Zhao et al. 2007; Mammucari et al. 2007 ). Autophagy can also be induced by several cellular stresses, such as ER overload, hypoxia, oxidative stress, and pathogens (He and Klionsky 2009 ). Because it is induced by virtually all longevity pathways, it is thought that autophagy is one of the beneficial effects of prolongevity interventions. Indeed, autophagic degradation declines with age (Cuervo 2008) , and dietary restriction (DR) prevents this age-related decline in rat liver (Del Roso et al. 2003) . In addition, autophagy is required for chronological lifespan extension in yeast (Alvers et al. 2009) , and for the longevity response to DR and reduced TOR and insulin signaling in C. elegans, even though its induction alone is not sufficient to extend lifespan (Hansen et al. 2008) . Inhibiting autophagy triggers premature cellular senescence in human fibroblasts (Kang et al. 2011 ), but it is also required for the senescence transition in response to oncogenic signaling (Young et al. 2009 ), suggesting that autophagy could have pleiotropic effects. Indeed, excessive activation of autophagy can be deleterious and cause cell death independently of apoptosis (Pattingre et al. 2005) .
Activating autophagy has beneficial effects in many models of age-related pathologies, especially metabolic syndrome, cardiovascular dysfunction (Mizushima et al. 2008; Choi et al. 2013) , and neurodegenerative diseases such as Alzheimer's (Spilman et al. 2010 ), Huntington's (Ravikumar et al. 2004) , and Parkinson's disease (Narendra et al. 2010a; Geisler et al. 2010a; Burman et al. 2012) . In particular, substrate-specific autophagy plays an important role in removing protein aggregates and damaged organelles that associate with these pathologies; substrate-specific autophagy is mediated by tagging targets with ubiquitin, and substrates are delivered to the autophagosomes through adaptor proteins, prominently the multifunctional protein scaffold p62/ SQSTM1. p62/SQSTM1 in autophagy, signaling, and aging p62/SQSTM1 structure and functions p62/SQSTM1 is a multifunctional protein involved in multiple cellular functions: the protein plays a role in signal transduction and in the degradation of both proteins and organelles (Johansen and Lamark 2011; Nezis and Stenmark 2012) . Although p62/SQSTM1 partakes in a wide variety of cellular processes, mutations in the sqstm1 gene have been strongly associated with only one disease, Paget's disease of the bone (Goode and Layfield 2010) . Nevertheless, recent findings suggest that p62/SQSTM1 may also have an important role in neurodegenerative diseases, cancer, obesity, and other age-associated pathologies, and could become an interesting new target for healthy aging interventions.
Structure
The sqstm1 gene is highly conserved among vertebrates: phylogenomic analysis in the UniProt database (entry: http://www.uniprot.org/uniprot/Q13501) reveals that p62/SQSTM1 has homologues in vertebrates and many other animal phyla, including arthropods (arthropoda), echinoderms (echinodermata), nematodes (nematoda), and mollusks (gastropoda). The human gene resides on chromosome 5g35 and encompasses a 16-kb segment of genomic DNA (Laurin et al. 2002) . sqstm1 contains eight exons and is driven by a TATA-less promoter with three consensus sequences for SP1, three AP-1 sites, one NFκB site, and an antioxidant response element (ARE) (Vadlamudi and Shin 1998; Jain et al. 2010) . The human sqstm1 gene encodes for a 440 amino acids protein, although a splice variant lacking the first 84 amino-acids has also been reported. The full-length protein contains several conserved domains that mediate multiple cellular functions (Fig. 1) .
The N-terminal Phox and Bem1 (PB1) domain (aa 20-102) is necessary for p62/SQSTM1 to oligomerize and to interact with other PB1-containing proteins (Lamark et al. 2003) . Through the PB1 domain, p62/ SQSTM1 associates with several kinases, like atypical protein kinase C (aPKC) and p56 lck , and participates in signal transduction cascades (Joung et al. 1996; Sanchez et al. 1998) . Furthermore, the PB1 domain allows p62/ SQSTM1 to oligomerize, a process that helps clearing selective autophagy substrates (Kirkin et al. 2009; Itakura and Mizushima 2011; Pankiv et al. 2007 ). PB1 domains have been described in other proteins mostly involved in signal transduction pathways, but no association of these proteins with p62/SQSTM1 has been described yet. Nevertheless, it is a possibility that p62/ SQSTM1 has many interaction partners yet to be discovered, and that the protein may participate in additional pathways.
The C-terminal Ubiquitin Association (UBA) domain (aa 389-434) allows p62/SQSTM1 to associate with ubiquitin-tagged proteins and organelles (Seibenhener et al. 2004; Vadlamudi et al. 1996) . Interestingly, p62/SQSTM1 seems to have increased affinity for lysine 63 (K63) poly-ubiquitin chains (Seibenhener et al. 2004; Tan et al. 2008a ), a posttranslational modification that promotes the formation of protein inclusions and their clearance via autophagy (Tan et al. 2008b) . The UBA domain is phosphorylated on Ser-403 by Casein Kinase II. This modification increases the domain's affinity for poly-ubiquitin chains and the tendency of p62/SQSTM1 to form p62 bodies/ sequestosomes, small protein inclusions that can function as signaling complexes and are cleared by autophagy (Matsumoto et al. 2011) . The p62/SQSTM1 protein may associate with different ubiquitin-tagged cargos and direct them to the proteasome or the lysosome depending on its posttranslational modifications: in fact, knockdown of p62/SQSTM1 impairs the degradation of some proteasome substrates, and p62/SQSTM1 can associate with the proteasome through its PB1 domain (Seibenhener et al. 2004 ). Furthermore, p62/SQSTM1 contains two PEST sequences and is itself a proteasome substrate (Lee et al. 2012) .
p62/SQSTM1 contains a zinc finger (ZZ) domain (aa 122-167), and has been found in the nucleus (Geetha , where it associates with nuclear transcription factors, such as the chicken ovalbumin upstream promoter transcription factor II (COUP-TFII), and may also act as a regulator of transcription itself (Marcus et al. 1996; Rachubinski et al. 1999) . The primary sequence of p62/SQSTM1 contains two nuclear localization signals (NLS) and one Nuclear Export Signal (NES), and the protein shuttles between the cytoplasm and the nucleus, where it seems to help in sequestering and degrading ubiquitin-conjugated nuclear proteins (Pankiv et al. 2010) . It has also been proposed that p62/SQSTM1 enters the nucleus in association with binding partners containing NLS, like aPKC, and that it regulates transcription in cooperation with these binding partners (Geetha and Wooten 2002) . Although p62/SQSTM1 may mediate transcription in the nucleus through the ZZ domain, this domain is primarily involved in cytoplasmic signaling cascades and is in fact necessary to bind the receptor-interacting protein 1 (RIP1) kinase in the TNF receptor (TNF-R) complex. Binding of p62/SQSTM1 to RIP1 allows signaling of the TNF-R through protein kinase C (PKC) and activation of nuclear factor-kappaB (NFkB) (Sanz et al. 1999) .
The TNFα receptor-associated factor 6 (TRAF6) binding (TB) domain mediates the association with TRAF6. Association of p62/SQSTM1 with TRAF6 is necessary for NFkB signaling from the interleukin 1 receptor (IL-1R) and the nerve growth factor receptor (NGF-R) (Sanz et al. 2000; Wooten et al. 2001) . Upon stimulation of these receptors, p62/SQSTM1 binds to TRAF6 through the TB domain and to aPKC through the PB1, bringing the kinase into the complex for activation.
p62/SQSTM1 binds the autophagosome-coating protein LC3 with a LC3 interacting region (LIR) (aa 321-342) (Pankiv et al. 2007 ). The LIR sequence binds to a conserved region of all mammalian homologues of S. cerevisiae Atg8 (LC3B, GABARAP,GABARAPL1, GATE16, GABARAPL3) and is necessary for the autophagic degradation of the sequestosomes (Pankiv et al. 2007 ). Nevertheless, the LIR is dispensable for localization of p62/SQSTM1 to the nucleation sites of the autophagosomes or to recruit the autophagy machinery to sequestosomes, a functions that appears to require oligomerization through the PB1 domain (Itakura and Mizushima 2011) .
Finally, p62/SQSTM1 binds to Kelch-like ECHassociated protein 1 (Keap1) through a Keap1 interacting region (KIR) (aa 346-355) (Jain et al. 2010; Komatsu et al. 2010; Lau et al. 2010) . The KIR binds to Keap1 on a site essential for Keap1 to interact with and repress nuclear factor erythroid 2-like 2 (NFE2L2)'s activation, albeit with much lower affinity (Komatsu et al. 2010) . Nevertheless, p62/SQSTM1 can activate NFE2L2 by sequestering Keap1 into p62 bodies when its levels are increased, either due to autophagy impairment or direct p62/SQSTM1 overexpression (Jain et al. 2010; Komatsu et al. 2010) . Interestingly, p62/SQSTM1 ability to bind Keap1 seems to be dependent on its ability to form oligomers through the PB1 domain (Jain et al. 2010 ).
Biological functions
Signal transduction p62/SQSTM1 is involved in several signal transduction cascades (Sanz et al. 1999; Jin et al. 2009 ). p62/ SQSTM1 serves as a scaffold to bring together two or more components of a signaling pathway, but it is not phosphorylated or otherwise modified by these signaling cascades, nor it has any catalytic activity of its own. For example, in TNF-R signaling, the ZZ domain of p62/SQSTM1 binds the active RIP1 kinase and the PB1 domain binds protein kinase C λ/ι (PKC λ/ι), bringing them together into a signaling complex (Sanz et al. 1999 ). This complex forms upon stimulation of the TNF-R and is necessary to activate NFkB, since disrupting the ZZ domain or reducing the expression of p62/SQSTM1 impairs TNFα-mediated NFkB activation (Sanz et al. 1999) . In addition to TNF-R, the interleukin-1β receptor (IL-1βR) and the nerve growth factor receptors TrkA and p75 NTR recruit p62/SQSTM1 to facilitate signaling to NFkB (Sanz et al. 2000; Wooten et al. 2001) . These receptors signal downstream by recruiting the ubiquitin-ligase TRAF6, which subsequently binds to p62/SQSTM1 on the TB domain and to interleukin-1 receptor-associated kinase (IRAK). This complex then recruits PKC λ/ι via the PB1 domain of p62/SQSTM1 and activates it through phosphorylation by IRAK (Sanz et al. 2000; Mamidipudi et al. 2002) . p62/SQSTM1 plays additional roles in IL-1β and NGF signaling: the UBA and PB1 domain are necessary to allow TRAF6 to oligomerize in the receptor complex and poly-ubiquitylate itself in response to NGF . Furthermore, p62/SQSMT1 acts as a bridge between the two NGF receptors, TrkA and p75 NTR , and AGE (2014 AGE ( ) 36:1123 AGE ( -1137 facilitate TRAF6-mediated ubiquitin conjugation of TrkA, which is necessary for receptor internalization, signaling , and turnover (Geetha et al. 2008 ). In IL-1 signaling, the cellular levels of p62/SQSTM1 can modulate the intensity of the response through IL-1βR (Lee et al. 2012) : in fact, increased autophagic and proteasomal degradation of p62/ SQSTM1 dampens IL-1βR signaling and have antiinflammatory effects. These effects are largely mediated by the autophagy-related gene Atg16L and the E3 ligase Cullin-3 (Lee et al. 2012) . Interplay between p62/ SQSTM1 and Cullin-3 extends beyond IL-1 signaling: synergistic activity of Cullin-3 and p62/SQSTM1 stimulates the extrinsic apoptosis pathway (Jin et al. 2009 ): upon ligand binding to death receptors 3 and 4, active Cullin-3 is recruited to the death-inducing signaling complex (DISC) and catalyzes the addition of ubiquitin chains to caspase 8. Subsequently, p62/SQSTM1 facilitates the formation of Ub-tagged caspase 8 aggregates which facilitate autocatalytic cleavage of caspase 8 and thus its activation (Jin et al. 2009 ). These findings suggest that p62/SQSTM1 is a signaling node for multiple pathways and can potentially foster interaction between such pathways in order to maintain cellular homeostasis.
Amino acid sensing: mTOR
Amino acid levels are linked to mTOR through a mechanism that is dependent, at least to some extent, on p62/ SQSTM1 (Duran et al. 2011 ): mTORC1 associates with the amino acid sensing Rag family of small GTPases (Kim et al. 2008; Sancak et al. 2008 ) on the surface of lysosomes (Sancak et al. 2010) . p62/SQSTM1 mediates this process by associating with Raptor, a subunit of the mTORC1 complex, and the Rag GTPases, thereby forming a high molecular weight complex that relays the signal from amino acids to the mTORC1 pathway (Duran et al. 2011) . Although the physiological role of this interaction has not been defined, it is possible that the p62/SQSTM1-mTORC1 complex responds locally to amino acids produced by the autophagy-lysosome system to prevent excessive autophagy. Alternatively, p62/SQSTM1 levels may serve as a positive feedback for both autophagy and cell growth: low p62/SQSTM1 would reduce mTORC1 activity, increase autophagy, and further lower p62/SQSTM1 levels, thereby sustaining autophagic degradation processes (Komatsu et al. 2012) . Conversely, high p62/SQSTM1 would increase mTORC1 activity, reduce autophagy, and further increase its own levels, thereby sustaining cell growth (Moscat and Diaz-Meco 2011) . It must be noted that, while mTORC1 is activated by many different inputs, the regulation through amino acid levels is currently the only input known to require p62/SQSTM1. Insulin, for example, can activate mTORC1 in the absence of p62/ SQSTM1 (Duran et al. 2011) . Furthermore, p62/ SQSTM1 knockdown elicits autophagy in ways that are reminiscent of amino acid starvation (Duran et al. 2011) . Thus, p62/SQSTM1 levels may serve as a rheostat to sense free amino acid availability in the cell, turning on anabolic pathways through mTORC1 when amino acids are abundant, and shutting them down when there are insufficient nutrients for protein synthesis.
Autophagy and protein degradation
p62/SQSTM1 has been associated with protein degradation, based upon the discovery of its UBA domain (Seibenhener et al. 2004; Vadlamudi et al. 1996) . p62/ SQSTM1 associates with the proteasome (Seibenhener et al. 2004 ) and is itself a proteasome substrate (Lee et al. 2012) . Interestingly, either a reduction (Seibenhener et al. 2004) or an accumulation (Korolchuk et al. 2009 ) of p62/SQSTM1 leads to impaired degradation of proteasome substrates. This apparent dichotomy suggests that while single p62/ SQSTM1 molecules can deliver specific substrates to the proteasome, they can also bind ubiquitin-tagged proteins indiscriminately and sequester them into p62 bodies, when the concentration of p62/SQSTM1 is increased beyond physiological levels. Interestingly, this would also suggest that when proteasome activity is impaired, p62/SQSTM1 could deliver proteasome substrates to the lysosome through the autophagy machinery, even though no evidence for such a process has been found. p62/SQSTM1 promotes selective autophagy of proteins, protein aggregates, organelles, and bacteria (Narendra et al. 2010a; Geisler et al. 2010a; Pankiv et al. 2007; Zheng et al. 2009 ). Autophagy substrates are usually tagged with noncanonical poly-ubiquitin chains (K63 or K27 linkages) that are brought into sequestosomes by associating with the UBA domain of p62/SQSTM1. Sequestosomes are protein/ o r g a n e l l e s a g g r e g a t e s f o r m e d b y p 6 2 / SQSTM1oligomers and p62/SQSTM1-interacting proteins. Mature sequestosomes are targeted to the autophagosomes by the LIR sequence on their p62/ SQSTM1 moieties and degraded in the lysosome (Pankiv et al. 2007) . Sequestosomes can form around already existing protein inclusions, such as mutant huntingtin aggregates (Bjorkoy et al. 2005) , and their formation is greatly enhanced by the phosphorylation of p62/SQSTM1 on serine 403 in the UBA domain (Matsumoto et al. 2011) . Interestingly, p62/SQSTM1 must oligomerize to localize the aggregates to autophagosome-forming structures and for efficient engulfment and delivery of autophagy substrates (Itakura and Mizushima 2011) . These findings suggest that p62/ SQSTM1 is more than just an adaptor protein between autophagy and its substrates, but is an active component of the autophagic process (Komatsu et al. 2007; Nezis et al. 2008) . Furthermore, p62/SQSTM1 can mediate autophagic clearance of non-ubiquitylated protein aggregates as well, by binding them through the PB1 domain (Watanabe and Tanaka 2011) . It must be noted that p62/SQSTM1 has a functional homologue called Neighbor of BRCA 1 (NBR1), a protein with a Nterminal PB1 domain, a C-terminal UBA, and a LIR sequence. NBR1 can substitute p62/SQSTM1 in many of its autophagy-related functions (Kirkin et al. 2009 ), but it lacks many of its other functional domains.
Mitophagy p62/SQSTM1 is also critical for the autophagy of mitochondria, a process called mitophagy. Mitochondria are tagged for degradation by two E3 ligases: ring finger protein 185 (Rnf185) and parkin (Narendra et al. 2010a; Geisler et al. 2010a; Tang et al. 2011) . Both enzymes catalyze the formation of noncanonical ubiquitin chains (K63 and K27 linkages) on mitochondrial outer membrane proteins. Rnf185 is constitutively localized on the mitochondrial outer membrane, where it catalyzes the addition of K63-linked ubiquitin on BNIP. K63Ub-tagged BNIP is then recognized by p62/SQSTM1 that clusters the tagged mitochondria for degradation. Conversely, parkin is recruited on the mitochondria only upon loss of mitochondrialmembrane potential (Δψ) by interacting with PTENinduced putative kinase 1 (Pink1): Pink1 is usually transported to the inner mitochondrial membrane of healthy mitochondria by a Δψ-dependent mechanism. When the Δψ is disrupted, Pink 1 is not internalized and remains on the outer mitochondrial membrane. This is recognized as a signal to recruit the E3 ligase parkin from the cytosol to the mitochondria (Narendra et al. 2010b ). Here, parkin tags several mitochondrial outer membrane proteins with K63-and K27-linked poly-ubiquitin chains (Narendra et al. 2010a; Geisler et al. 2010a; Okatsu et al. 2010) . Once the mitochondrial proteins are tagged with ubiquitin, p62/SQSTM1 associates with them and drives the whole organelle into sequestosomes that are then cleared by autophagy (Narendra et al. 2010a; Geisler et al. 2010a ). Interestingly, p62/SQSTM1 may be dispensable for parkin mediated mitophagy, but its presence is necessary to cluster the damaged mitochondria away from the remainder of the mitochondrial network (Narendra et al. 2010a ) and protect it from further damage. This function becomes critical for cellular homeostasis, especially considering that constitutive autophagy is not particularly efficient in clearing damaged mitochondria and inhibiting mTOR is required for fast removal of depolarized mitochondria (Gilkerson et al. 2011 ).
Antioxidant response
p62/SQSTM1 can activate the phase 2 antioxidant response by interacting with the Keap1-NFE2L2 pathway. The Keap1-NFE2L2 antioxidant response pathway is one of the major cellular defenses against oxidative insults. It is composed of NFE2L2 (also known as Nrf2), a transcription factor, and Keap1, an inhibitory protein that modulates NFE2L2 activity. In physiological conditions, NFE2L2 is kept inactive in the cytoplasm by a strong noncovalent interaction with a Keap1 homodimer. This interaction is mediated by two domains on NFE2L2, the ETGE domain, and the DLG domain. When bound to NFE2L2, Keap1 recruits the Cullin3 E3 ligase, which tags NFE2L2 with polyubiquitin chains and targets it for degradation by the proteasome. Conversely, when the cell is under oxidative stress, Keap1 is oxidized and changes conformation. This disrupts binding to the DLG domain on NFE2L2, thereby inhibiting NFE2L2 degradation. Subsequent phosphorylation or additional interactions facilitate complete dissociation of NFE2L2 which can migrate into the nucleus and activate transcription of several genes involved in reactive oxygen species (ROS) scavenging, detoxification and repair, and mitochondrial function (Stępkowski and Kruszewski 2011) .
NFE2L2 can also be activated by p62/SQSTM1 in conditions where oxidative stress is not present: p62/ SQSTM1 binds to Keap1 with the KIR on the same sequence that binds to the ETGE domain of NFE2L2 (Jain et al. 2010; Komatsu et al. 2010; Lau et al. 2010; Copple et al. 2010) . The KIR has a much weaker affinity for Keap1 than NFE2L2 (Komatsu et al. 2010) , hence it has been proposed that p62/SQSTM1 can activate the NFE2L2 pathway only in pathological conditions, for example, when autophagy is impaired. Nevertheless, a fraction of Keap1 associates constitutively with p62/ SQSMT1 (Copple et al. 2010 ). Thus, it is possible that the affinity of the full-length p62/SQSTM1 protein for Keap1 is higher than that of the KIR domain alone. Alternatively, posttranslational modifications of either Keap1 or p62/SQSTM1 itself may affect binding between the two proteins and provide a physiological mechanism for this alternative NFE2L2 activation. p62/SQSTM1 brings Keap1 into sequestosomes, effectively impairing its ability to bind NFE2L2 (Lau et al. 2010) , and Keap1 presence into sequestosomes seems to facilitate their clearance through autophagy (Fan et al. 2010) , which would further reduce Keap1 levels and its ability to bind NFE2L2. p62/SQSTM1 relevance in aging and age-related pathologies p62/SQSTM1 is involved in a variety of cellular processes that are relevant for aging, including protein degradation (Pankiv et al. 2007; Seibenhener et al. 2004) , mitophagy (Narendra et al. 2010a; Geisler et al. 2010a; Tang et al. 2011) , oxidative stress response (Jain et al. 2010; Komatsu et al. 2010; Lau et al. 2010) , metabolism regulation (Moscat and Diaz-Meco 2011) , and inflammation (Lee et al. 2012) . The role of p62/ SQSTM1 in aging and age-related diseases is not fully understood yet, although experimental evidence suggests it is likely a critical factor: expression of p62/ SQSTM1 declines with age in mice (Kwon et al. 2012) , loss of p62/SQSTM1 reduces lifespan and shows several age-related effects in animal models, and reduced p62/SQSTM1 correlates with age-related pathologies in human tissues.
Neurodegenerative diseases
Alzheimer's (AD), Parkinson's (PD), Huntington's (HD), and other neurodegenerative diseases are characterized by the accumulation of protein aggregates in the brain. A different aggregation-prone protein characterizes the pathology of each of these diseases, but virtually all these protein aggregates associate with p62/ SQSTM1 (Kuusisto et al. 2001; Mizuno et al. 2006) . The presence of p62/SQSTM1 in pathological protein inclusions initially suggested a causal role in their formation (Kuusisto et al. 2002 ), but recent evidence shows that p62/SQSTM1 actually mediates the degradation of at least some of these aggregate-prone proteins (Bjorkoy et al. 2005; Babu et al. 2005) : in fact, p62/SQSTM1 shuttles the AD-associated protein tau to the proteasome for degradation (Babu et al. 2005 ). This suggests that p62/SQSTM1 has a protective role in AD. In line with this hypothesis, Sqstm1
−/− mice show many characteristics of AD, including age-related accumulation of K63-Ub tau and paired helical filaments, neuronal death, impaired short-term memory, and increased anxiety (Ramesh Babu et al. 2008) . Furthermore, the expression of p62/SQSTM1 is markedly reduced in the brains of AD patients, because of oxidative damage in its promoter region (Du et al. 2009a) . Interestingly, the promoter of p62/SQSTM1 is increasingly damaged with age (Du et al. 2009a) , and promoter damage and loss of p62/SQSTM1 expression is a common feature of several neurodegenerative diseases (Du et al. 2009b) , suggesting a major involvement of the protein in the onset and the progression of most aggregate-presenting neurodegenerations.
Other common features of neurodegenerative diseases are oxidative stress and mitochondrial dysfunction (Lin and Beal 2006) , thus p62/SQSTM1 may also protect the brain by promoting the activity of NFE2L2 and clearing damaged mitochondria, in addition to aggregate-prone proteins. This is evident especially in PD, where impaired mitochondrial dynamics and oxidative stress are among the main characteristics of the disease (Narendra et al. 2008; Buttner et al. 2008; Geisler et al. 2010b ). p62/SQSTM1 aids in clearing dysfunctional mitochondria tagged for degradation by the Pink1-Parkin system, two genes involved in familial PD (see above and (Narendra et al. 2010a; Geisler et al. 2010a) ). Loss of p62/SQSTM also correlates with reduced activity of NFE2L2 in neurons and astrocytes affected by neurodegenerative diseases (Du et al. 2009a; Ramsey et al. 2007 ). Interestingly, a lower incidence of PD can be found in individuals carrying a Nfe2l2 haplotype that correlates with increased transcriptional activity (von Otter et al. 2010) , and expression of NFE2L2 in a Drosophila melanogaster model of PD is protective against neurodegeneration (Barone et al. 2011) . Loss of p62/SQSTM1 in the brain could thus lead to increased oxidative stress, possibly eliciting a stress-induced senescence response in astrocytes (Bitto et al. 2010a) , which can also contribute to the progression of AD and other neurodegenerative diseases (Salminen et al. 2011; Bhat et al. 2012 ).
Inclusion body myositis
Inclusion body myositis is the most common agerelated myopathy. This disorder has been traditionally included in the category of inflammatory disorders of the musculoskeletal system (Ringel et al. 1987; Dalakas 1991) but recently, it has been recognized that the inflammatory response in inclusion body myositis is secondary to the degenerative changes in the muscle fibers (Askanas and Engel 2002) , which include the presence of characteristic rimmed vacuoles, atrophy, and the accumulation of both amyloid-β precursor protein and tau proteins (Nogalska et al. 2011; Nogalska et al. 2010) . The presence of both amyloid-β and tau accumulations suggest a common mechanisms with AD and perhaps other forms of neurodegenerative disorders. Clinical studies evaluating biomarkers of the disease have identified p62/SQSTM1 as a significant component of the intracellular inclusions found in inclusion body myositis (Inamori et al. 2012; Nogalska et al. 2009; Dubourg et al. 2011 ).
Age-related metabolic dysfunction
Aging is an important risk factor for several metabolic disorders, including obesity and type-2 diabetes (Gong and Muzumdar 2012) . Impaired metabolic homeostasis in the elderly is likely due to a variety of environmental and genetic factors. Among these factors, p62/SQSTM1 seems to play a critical role in regulating metabolism in white adipose tissue, liver, and other metabolic organs: indeed, sqstm1 −/− mice show mature-onset obesity and several features of metabolic syndrome, including: increased fat accumulation in the adipose and liver, impaired glucose tolerance and insulin sensitivity, increased plasma triglycerides and cholesterol levels, and decreased energy expenditure (Rodriguez et al. 2006) . These effects are due to excessive signaling from the extracellular signal-regulated kinase 1 (ERK1) in response to insulin in Sqstm −/− mice: in physiological conditions, ERK1 signaling is dampened by p62/ SQSTM1, which sequesters the kinase into p62 bodies through its PB1 domain, thereby preventing excessive proliferation and differentiation of white adipocytes (Rodriguez et al. 2006) . Thus, loss of p62/SQSTM1 with age may contribute to the increased fat accumulation and metabolic dysfunctions seen in the elderly. Consistent with this hypothesis, p62/SQSTM1 is necessary for PKCζ activity (Sanz et al. 1999) , which counteracts glucose intolerance by reducing the production of pro-inflammatory cytokines in mouse's white adipocytes (Lee et al. 2010) . p62/SQSTM1 expression may also favor the differentiation of brown over white adipocytes: knockout of Atg7 in white adipose tissue causes the white adipocytes to acquire features of brown adipocytes, including increased mitochondrial mass, increased β-oxidation and mitochondrial uncoupling, and formation of multiple lipid droplets per cell, instead of a single big lipid vacuole (Zhang et al. 2009 ). Although no causal relation was established between these changes and p62/SQSTM1 accumulation, p62/ SQSTM1 levels are elevated in Atg7 −/− adipocytes, due to impairment of autophagy. Thus, p62/SQSTM1 may favor the acquisition of brown fat features, for example, by promoting β-oxidation through PGC-1α, NFE2L2, and NRF1 transcription factors involved in the generation of mitochondria and in the expression of genes for lipid catabolism (Komatsu et al. 2010; Adam et al. 2010; Piantadosi et al. 2008) . Brown fat is progressively lost with age, and higher amounts of brown fat have been negatively correlated with obesity, insulin resistance, and neurodegenerative diseases (see (Lecoultre and Ravussin 2011) and (Mattson 2010 ) for review). Hence, it is conceivable that loss of p62/ SQSTM1 expression contributes to age-related loss of brown fat and thus to the onset of age-related metabolic dysfunctions. Another p62/SQSTM1 partner, mTORC1, influences the differentiation and proliferation of white adipocytes. In fact, adipose-specific ablation of raptor reduces weight gain, fat accumulation, and white adipocytes size and number, while increasing glucose tolerance and insulin sensitivity in mouse (Polak et al. 2008) . The mTORC1 pathway is also responsible for peripheral resistance to insulin: increasing the activity of S6K1, a mTORC1 substrate, can trigger a negative feedback on the insulin receptor substrate 1 (IRS-1), thereby impairing insulin signaling (Um et al. 2004) . mTORC1 response to insulin is independent of p62/ SQSTM1 (Duran et al. 2011 ) and the insulin signaling pathway is not impaired in young Sqstm1 −/− mice (Rodriguez et al. 2006) . Nevertheless, p62/SQSTM1 may help modulating the response to insulin by sequestering mTORC1 into insulin-insensitive, amino acidresponsive complexes, thereby reducing S6K1 activation and the negative feedback on IRS-1, when the adipocytes are excessively stimulated. In support of this hypothesis, the adipocytes of S6k1 −/− mice show features of adipocyte-specific Atg7 −/− mice, including increased mitochondrial mass, increased β-oxidation, and multiple lipid droplet per cell (Um et al. 2004) . Importantly though, protein overload can also cause insulin resistance through the S6K1/IRS-1 negative feedback (Um et al. 2006) . Thus, p62/SQSTM1 may also contribute to insulin resistance by increasing S6K1 activation in amino acid-sensitive tissues, like skeletal muscle and liver, while increasing insulin sensitivity in the more lipid and glucose-sensitive adipose. Tissue specific knockout studies may help define the role of p62/SQSTM1 in insulin resistance in more detail (Moscat and Diaz-Meco 2011) . In addition to insulin resistance, aging correlates also with decreased production of insulin (Gong and Muzumdar 2012) . Insulin is released by the pancreatic β-islets in response to glucose availability. Briefly, glucose oxidation in the islets raises ATP concentration, which in turn closes ATP-sensitive K + channels. The ensuing depolarization triggers a Ca 2+ spike which then promotes the release of insulin-containing vesicles. Interestingly, the β-islets from type-2 diabetes patients show mitochondrial dysfunction, which leads to impaired ATP production, and reduced insulin release (Anello et al. 2005) . Given the importance of p62/ SQSTM1 in maintaining mitochondrial homeostasis (Narendra et al. 2010a; Geisler et al. 2010a) , it is possible that an age-related loss of p62/SQSTM1 in β cells could contribute to this mitochondrial dysfunction and thereby reduce insulin release. Furthermore, β cells regenerative/proliferative potential decreases with age in mouse, due to accumulation of the cell cycledependent kinase inhibitor p16 INK4A . p16 INK4A is a marker of cellular senescence (Alcorta et al. 1996) , a terminal proliferative arrest triggered by a series of insults, including oxidative stress. Interestingly, autophagy impairment causes cellular senescence and accumulation of p16 INK4A in human fibroblasts, because of increased oxidative stress from the mitochondria (Kang et al. 2011) . Thus, loss of p62/SQSTM1 in the elderly may further reduce the production of insulin by promoting cellular senescence in β cells and thus diminishing their regenerative capacity.
p62/SQSTM1: a novel aging gene
The p62/SQSTM1 protein is involved in several agerelated pathologies, but perhaps the most striking evidence of its importance in longevity is the premature aging phenotype of Sqstm1 −/− mice (Kwon et al. 2012 ).
Sqstm1
−/− mice have reduced lifespan, show premature signs of aging and increased oxidative stress, as well as increased mitochondrial damage and dysfunction, due to loss of a basal NFE2L2 antioxidant response (Kwon et al. 2012) . These features are recapitulated by observations in human fibroblasts and by other studies showing that chronic activation of mTORC1 with IGF-1 reduces proliferative potential and causes accumulation of damaged mitochondria and ROS, leading to cellular senescence (Bitto et al. 2010b; Handayaningsih et al. 2012) . Conversely, long-lived Snell/Dwarf mice show increased basal activation of the NFE2L2 pathway, suggesting that IIS and the antioxidant response cooperate to influence longevity (Leiser and Miller 2010) . In fact, Snell/Dwarf mice-derived fibroblasts show lower levels of mTORC1 activity and enhanced autophagy in response to stress (Wang and Miller 2012) . Similarly, we and others show that prolonged reduction of mTORC1 signaling increases autophagy and delays cellular senescence (Demidenko et al. 2009; Lerner et al. 2013; Cao et al. 2011) . Since the expression of p62/SQSTM1 is critical to prevent so many age-related processes and is necessary for the beneficial effects of rapamycin on human cells, it is possible that the pro-longevity effects of reducing IGF-1/mTORC1 signaling are due, at least in part, to altered p62/SQSTM1 dynamics. Considering that p62/SQSTM1 interacts with mTORC1 through Raptor (Duran et al. 2011) , disrupting the assembly of mTORC1 with rapamycin probably increases the pool of p62/SQSTM1 available for selective autophagy and other homeostatic processes. In fact, rapamycin does not have any effect on the accumulation of dysfunctional mitochondria and the activation of the NFE2L2 pathway in cells with reduced p62/SQSTM1 expression (Lerner et al. 2013 ): thus, p62/SQSTM1 is necessary to activate these processes in response to rapamycin. In addition, reducing the expression of p62/SQSTM1 leads to an increase in senescence-associated markers (Lerner et al. 2013) . These results suggest a role for p62/SQSTM1 in homeostatic processes that prevent cellular senescence. Maintaining these processes could prevent aging independently of mTOR modulation. Indeed, Sqstm1
−/− mice accumulate damaged mitochondria and exhibit reduced activation of the NFE2L2 pathway and accelerated aging (Kwon et al. 2012) . It would be interesting to see whether Sqstm1 −/− mice or MEFs show increased markers of cellular senescence and whether clearing senescent cells in these mice would rescue the accelerated aging phenotype, as it does in the BubR1 progeroid mouse (Baker et al. 2011) . Genetic activation of p62/SQSTM1 has not been tested yet as a therapeutic approach for aging pathologies, such as neurodegenerative diseases, but related approaches have been tried successfully. For example, chronic treatment with rapamycin reduces the accumulation of amyloid plaques and the decline in cognitive behavior in a mouse model of AD which expresses the human amyloid precursor protein (hAPP) (Spilman et al. 2010) . The expression and the degradation of p62/SQSTM1 are increased in human fibroblasts by chronic treatment with the mTORC1-inhibitor rapamycin, and rapamycin reduces the accumulation of damaged mitochondria in a p62/SQSTM1-dependent manner (Lerner et al. 2013) . It is thus an intriguing possibility that rapamycin protects from AD by influencing the turnover of p62/SQSTM1 in vivo, as it does in vitro, possibly by increasing its expression through NFE2L2 (Jain et al. 2010) . Changes in p62/ SQSTM1 have been linked to neurodegeneration in vivo: damage to the Sqstm1 promoter has been identified in the brains of patients affected by neurodegenerative diseases (Du et al. 2009a; Du et al. 2009b) , and knockout of Sqstm1 recapitulates many features of AD in mouse (Ramesh Babu et al. 2008) . Genetic ablation of p62/SQSTM1 in hAPP mice would reveal whether p62/ SQSTM1 is necessary for rapamycin to revert the symptoms of AD-like pathology in these animals and would confirm the importance of p62/SQSTM1 in preventing neurodegenerative disorders.
As suggested elsewhere (Nezis and Stenmark 2012) , artificially increasing p62/SQSTM1 expression may have the same pro-longevity effects of mTORC1 inhibition, perhaps with the advantage of maintaining cell growth and proliferation. Overexpression of p62/ SQSTM1 could reduce adipogenic signaling and inflammation, activate the antioxidant response, and sequester hazardous cellular components into inert p62 bodies. However, unchecked overexpression of p62/ SQSTM1 can also have some deleterious effects, especially in the liver and when autophagy is impaired (Komatsu et al. 2010) . Increasing the turnover of p62/ SQSTM1 could achieve the same effects as increasing its expression, but may also increase clearance of sequestosomes containing damaged mitochondria and proteins, thereby maintaining pro-survival signaling pathways, and generally improving cellular and organism homeostasis. Many questions remained unanswered about the role of p62/SQSTM1 in physiological processes and in age-related pathologies. For example, it is still unknown how the various cellular processes converging on p62/SQSTM1 interact with each other and how these interactions, or lack thereof in aging, influence cellular homeostasis. In the past few years, exciting findings have begun to uncover the physiological relevance of this scaffold protein in aging, but a comprehensive and integrative view of its functions is yet to be found. We have provided a link between p62/SQSTM1 and the IGF-1/mTOR pathways, in the hope it will provide a framework to study the involvement of this protein in aging and age-related pathologies. Future studies will help define the importance of p62/ SQSTM1 in vertebrate aging and whether modulating its expression can bring to a healthy aging population.
